erative bronchiolitis (OB), a fibrotic airway lesion, is the leading cause of death after lung transplantation. Type V collagen [col(V)] overexpression and IL-17-mediated anti-col(V) immunity are key contributors to OB pathogenesis. Here, we report a previously undefined role of IL-17 in inducing col(V) overexpression, leading to epithelial mesenchymal transition (EMT) and subsequent OB. We observed IL-17-mediated induction of col(V) ␣1 chains [␣1 (V)] in normal airway epithelial cells in vitro and detected ␣1 (V)-specific antibodies in bronchoalveolar lavage fluid of lung transplant patients. Overexpression of IL-17 and col(V) was detected in OB lesions in patient lung biopsies and in a murine OB model. IL-17 is shown to induce EMT, TGF-␤ mRNA expression, and SMAD3 activation, whereas downregulating SMAD7 expression in vitro. Pharmacological inhibition of TGF-␤RI tyrosine kinase, p38 MAPK, or focal adhesion kinase prevented col(V) overexpression and EMT. In murine orthotopic lung transplants, neutralizing IL-17 significantly decreased TGF-␤ mRNA and protein expression and prevented epithelial repair/ OB. Our findings highlight a feed-forward loop between IL-17 and TGF-␤, leading to induction of col(V) and associated epithelial repair, thus providing one possible link between autoimmunity and OB after lung transplantation. autoimmunity; p38 MAPK; focal adhesion kinase; small-airway epithelial cells; RLE-6TN; mouse transplant model; epithelial-mesenchymal transition OBLITERATIVE BRONCHIOLITIS (OB) is characterized by extensive peribronchiolar fibrosis with plugs of granulation tissues (fibroblasts and collagen) that occlude small airways. OB is the key reason that the 5-yr survival of lung transplant recipients is only 50%, the worst of all major solid organ transplants (42, 48) .
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Aberrant epithelial repair is a key event in the transplanted lung (1, 9) in which bronchioles lose resident epithelial cells and become occluded by granulation tissue. Abnormal epithelial repair eventually causes an epithelial-to-mesenchymal transition (EMT), a functional and phenotypic change of epithelial cells into spindle-shaped, migratory (43) and matrix-component-secreting mesenchymal cells (10, 41) , and a process associated with lung fibrosis (15, 27) . However, the direct connection between EMT and the in vivo phenomena of fibrosis and fibro-obliterative disease remains controversial.
We and others previously reported that OB is associated with dysregulation of two types of collagen: 1) marked increase in type V collagen [col(V)], a quantitatively minor lung collagen (8, 14, 40) , and 2) a decrease in the major lung collagen type I [col(I)] (2, 53) . We have shown that prospective monitoring of patients with human lung transplant revealed a critical role of col(V)-specific cellular immunity in OB pathogenesis (14, 40) . Although overexpression of col(V), an otherwise quantitatively minor collagen, is involved in OB pathology, mechanisms leading to col(V) overexpression are unknown. Thus a mechanistic understanding of the triggers of col(V) overexpression could have clinical utility in earlier detection and treatment of fibrotic lung diseases, such as OB, and aid in averting one important complication of lung transplants.
The proinflammatory cytokine, IL-17A (referred to here as IL-17), has been implicated in the pathogenesis of multiple autoimmune diseases (3, 37, 38) . We have reported that CD4ϩ T helper cells (T H -17 cells), which produce IL-17, play a central role in OB pathology (52) and that neutralizing IL-17 bioactivity prevents OB in a mouse orthotopic lung transplant model (19) . However, in a clinical OB lesion or murine OB model, the mechanistic roles for IL-17 and TGF-␤ in the induction of col(V) overexpression and EMT have not been elucidated. Borthwick and colleagues (9 -11) have described TGF-␤-mediated EMT in epithelial cells from patients with lung transplants. TGF-␤, a key initiator of EMT (31, 50) , is a strong inducer of IL-17 (35) , and IL-17, in turn, may be involved in lung fibrogenesis in TGF-␤-dependent and independent pathways (36) . Because IL-17 and col(V) overexpression are key contributors to OB pathogenesis, in this report on OB pathology, we have investigated the mechanistic role for IL-17 in col(V) overexpression and EMT.
MATERIALS AND METHODS
Cell culture. Normal human small airway epithelial cells (SAEC; Clonetics, Cambrex Biosciences, Walkersville, MD) were grown in small airway basal media supplemented with growth factors (Clonetics). Immortalized normal rat lung alveolar type II epithelial cells (RLE-6TN; ATCC, Manassas, VA) were maintained in RPMI-1640 (Invitrogen, Carlsbad, CA) supplemented with 5% fetal calf serum, 100 U/ml penicillin/streptomycin and fungizone (Invitrogen). The above cells were seeded at 70% confluence and incubated in 5% CO 2-95% air. Before stimulation, cells were growth arrested using 0.01% serum or 1:100 growth factors containing media for 16 h.
Antibodies and other reagents. The antibodies used for immunoblotting or immunofluorescent labeling are as follows: ␣-SMA and vimentin (Dako, Carpenteria, CA), E-cadherin (E-CAD) (ECM Bio-sciences, Versailles, KY), zona occludens (ZO)-1 (Zymed, Carlsbad, CA), collagen type V (Lifespan Biosciences, Seattle, WA), S100A4 (Abcam, Cambridge, MA), GAPDH and phosphorylation-specific antibodies to Tyr-397-focal adhesion kinase (FAK) (Invitrogen), Thr-180/182-p38 MAPK, and Ser-423/425-SMAD3 (Cell Signaling, Boston, MA). Recombinant proteins used in this study were IL-17A, C, F (BD Biosciences, Franklin Lakes, NJ) and human platelet-derived TGF-␤1 (Roche Diagnostics, Manneheim, Germany). All other reagents unless specified were from Sigma (St. Louis, MO). The soluble murine IL-17 receptor fusion protein was generously provided by Dr. Jay K. Kolls, Louisiana State University Health Sciences Center.
Immunofluorescence staining. Cells were fixed in 4% formaldehyde for 15 min. Subsequent to permeabilization, cells were incubated with primary antibodies followed by rhodamine or FITC-labeled secondary antibodies (Jackson ImmunoResearch, West Grove, PA) for 1 h each. Nuclei were counterstained with DAPI. Cells were visualized by a Nikon i90 fluorescence microscope and images captured with NIS-Elements v2.0 (Nikon, Melville, NY).
Immunohistochemistry. Sections obtained from paraffin-embedded, formalin-fixed lungs underwent antigen retrieval treatment, followed by peroxide and protein blocking (1ϫ Power Block; Biogenex, San Ramon, CA). Sections were incubated with primary antibodies specific to IL-17A (1:200; R&D Systems, Minneapolis, MN), col(V) (Abcam; 1:150), S100A4 (Abcam; 1:150), mouse monoclonal TGF-␤ (1:150; R&D Systems) and then stained using a sensitive avidinstreptavidin-diaminobenzidine peroxidase kit (Biogenex) according to the manufacturer's instructions. The sections were counterstained with hematoxylin and mounted.
Western blotting of cell lysates and patient BAL antibodies. Cell lysates were subjected to immunoblotting, as previously described (24) . For conditioned media studies, conditioned media was normalized by loading equal protein concentrations (30 g) for all samples under reducing conditions using lamelli buffer. For bronchoalveolar lavage (BAL) antibody studies, all subject consent protocols and procedures were approved by the Institutional Review Board, University of Wisconsin-Madison as described previously (14) . Subject consent was obtained using IRB-approved, written, informed consent procedures at the University of Wisconsin Hospital and Clinics. IgG was affinity purified from the BAL fluid of patients and controls by passage over a protein G Sepharose column (Pharmacia, Piscataway, NJ). Recombinant col(V), treated or untreated with the proteinase bone morphogenetic protein 1 (BMP1), which processes col(V) to its mature matrix form, was prepared as previously described (23) and used as antigen (Fig. 2B ) and size markers ( Fig. 2A ). Proteins were electrophoresed on 4 -15% acrylamide gradient gels (Fig. 1B) or on 5% acrylamide gels with 3.5% stacking gels (Fig. 2B) . Purified IgG was used to probe immunoblots for col(V), as reported (14) .
Animal studies. The Indiana University School of Medicine Animal Care and Use Committee (IACUC) approved the animal protocols used in this study. Mice were housed under specific pathogen-free conditions in plastic enclosed filter-top cages with hardwood shavings, five animals per cage. A 12-h:12-h light/dark cycle was maintained, and the mice had access to water and rodent laboratory chow ad libitum until they were euthanized. For the Lung transplant model, an orthotopic left lung minor-mismatch transplant model was utilized to induce OB as previously described (19) . Left lung from 10-wk-old male C57BL/10 (donor) mice was transplanted onto weight-matched 10-wk-old male C57BL/6 (recipient) mice. On day 21 after lung transplants, mice were euthanized; lungs were harvested and processed for immunohistochemical staining or stored at Ϫ20°C until further analyzed.
Neutralization of IL-17A bioactivity. Neutralization of circulating IL-17A and IL-17F was performed as previously described (19) using adenoviral vectors encoding the IL-17R:Fc fusion protein designated as Ad-IL-17R:Fc.
Real-time PCR. Real-time PCR was performed on cDNA from cell lysates as described previously (19) ( Table 1 ). The semiquantitative real-time PCR data for each target gene was expressed as 2 Ϫ⌬⌬C T relative quantitation vs. endogenous ␤-actin, with error bars representing the SE for triplicate reactions.
Wound-healing assay. RLE-6TN cells were seeded in 24-well plates and cultured to 90% confluence. The cells were growth arrested for 16 h and then wounded by scratching with a pipette tip. RLE-6TNs were treated per described conditions for 72 h. Cells were dual labeled with fluorophores and imaged. The area of wound closure was measured using the NIH-Image J program.
Measurement of extracellular H 2O2 release. H2O2 release from cultured epithelial cells was assayed using a fluorometric method as previously described (24) .
Statistical analyses. Student's t-test and one-way ANOVA with Bonferroni post hoc test was performed using GraphPad Prism v3.0 for Windows, GraphPad Software (San Diego, CA) (24) . Significance was defined as P Ͻ 0.05.
RESULTS

IL-17 mediates specific RNA and protein overexpression for the ␣1 chain of col(V).
We and others (8, (12) (13) (14) previously reported that autoimmune responses to col(V) are linked to the pathogenesis of lung fibrosis. We also have previously reported IL-17-dependent anti-col(V) cellular immune responses in patients with OB with lung transplants (as measured by the trans-vivo delayed-type hypersensitivity assay); we attributed this response to be possibly due to the overabundance of induced ␣1(V) chains noted in the OB lesions (14) . Thus we sought to determine whether IL-17 might induce col(V) expression in airway epithelial cells. We observed robust, up to approximately threefold, upregulation of expression of the ␣1(V) chain gene Col5a1, with relatively minimal effects on expression of the ␣2(V) chain gene Col5a2, when RLE-6TN cells were treated with IL-17A (Fig. 1A) . TGF-␤ is known to induce collagen synthesis and, as expected, stimulated col(V) expression in airway cells, as shown by Fig. 1B . Notably, IL-17 also induced col(V) expression, at levels comparable to those induced by TGF-␤ (Fig. 1B) . Specifically, immunoblotting of the native col(V) chains secreted into conditioned media revealed strong induction of ␣1 (V) chains, with seemingly lesser induction of ␣2 (V) chains (Fig. 1B) . Additionally, immunostaining of the cell layers from the same cultures revealed Rat TGF-␤1 Forward 5=-AAG AAG TCA CCC GCG TGC TA-3= Reverse 5=-TGT GTG ATG TCT TTG GTT TTG TCA-3= SMAD7 Forward 5=-CCA ACT GCA GAC TGT CCA GA-3= Reverse 5=-TTC TCC TCC CAG TAT GCC AC-3= Col5a1
Forward 5=-GGA CTC GGC GGA ACA TT-3= Reverse 5=-GGA GTT GAG GGA ACC AAA GAT-3= Col5a2
Forward 5=-TGT GCG GGG AAG TGT AG-3= Reverse 5=-CCA AGA GCA GCA GTA AGA T-3= ␤-Actin Forward 5=-TGA CCC AGA TCA TGT TTG AGA CC-3= Reverse 5=-GTG GTA CGA CCA GAG GCA TAC A-3= Mouse IL-17A Forward 5=-CTG TGT CTC TGA TGC TGT TG-3= Reverse 5=-ATG TGG TGG Tcc AGC TTT C-3= TGF-␤1 Forward 5=-TGA CGT CAC TGG AGT TGT ACG G-3= Reverse 5=-GGT TCA TGT CAT GGA TGG TGC-3= ␤-Actin Forward 5=-AGA GGG AAA TCG TGC CTC AC-3= Reverse 5=-CAA TAG TGA TGA CCT GGC CGT-3= Human IL-17A Forward 5=-TCAACCCGATTGTCCACCAT-3= Reverse 5=-GAGTTTAGTCCGAAATGAGGCTG-3=
OB, obliterative bronchiolitis.
robust induction of col(V) expression in both TGF-␤-and IL-17-treated cells (Fig. 1C) . Collectively, the above data support the conclusion that IL-17 induces robust expression of the ␣1 chain of col(V) at both the mRNA level and at the level of production of the secreted protein.
Lung transplant recipients express antibodies specific to the ␣1(V) chain of col(V).
To characterize the nature of possible anti-col(V) humoral immune responses in lung transplantation, we next determined whether lung transplant recipients might also produce anti-col(V) antibodies and, if so, whether such antibodies would be specific to the ␣1(V) chain and/or to the other col(V) chains. Antibodies were isolated from BAL samples of patients of lung transplants. Patient samples shown (Fig. 2B ) are representative specimens from the study population previously reported (14) . As size markers and Western blot antigens, we employed recombinant heterotrimers containing ␣1(V), ␣2(V), and less abundant ␣3(V) col(V) chains, processed with the metalloproteinase BMP1 to produce the mature tissue forms of these chains (23) (Fig. 2, A and B) . When we immunoprobed the BMP1-cleaved ␣1(V), ␣2(V), and ␣3(V) heterotrimers, we observed that purified antibodies from the BAL of three individual patients of lung transplant detected ␣1(V) but not ␣2(V) or ␣3(V) chains (Fig. 2B) . Of the 15 patients analyzed, 10 of them (ϳ67%) had strong antibody reactivity to ␣1(V) detected by Western blot analysis in at least one posttransplant BAL sample (data not shown). In contrast, we detected only very low levels of antibodies to ␣1(V) in BAL samples from normal healthy volunteers (Fig. 2B ). Taken together, these findings indicate that 1) IL-17 induces col(V) in airway epithelial cells and 2) patients of lung transplant have a heightened local humoral antibody response specific to the ␣1 chain of col(V) compared with normal healthy control BAL donors.
Col(V) is highly expressed in clinical OB lesions and in a murine OB model after lung transplant.
Prior reports demonstrated that induction of tolerance to col(V) protects against OB mediated by col(V)-specific reactive Th17 cells, but the col(V) distribution in the clinical OB lesions has not been illustrated (13, 53) . Therefore, immunohistochemistry was utilized to determine the localization of col(V) in clinical OB. We observed strong signals of col(V) deposition in regions in and around the fibrotic foci in lungs of patients with OB (Fig. 3A) . In contrast, and consistent with prior studies, col(V) was only faintly detectable in normal tissues (Fig. 3A) . The demographics of the OB patients are shown in Table 2 . In the orthotopic murine OB model, significant fibrosis was observed at day 21 as shown by trichrome staining (Fig. 3B ). The transplant lung had significant expression of col(V) in the fibrotic lesions of OB and around the airway epithelium (Fig. 3B) ; in contrast, the native lung had a thin band of col(V) confined to the subepithelial airway connective tissue (Fig. 3B ). These data illustrate overexpression of col(V) in the OB lesions of clinical biopsies and our murine OB model.
IL-17 induces EMT in normal airway epithelium.
Among the six members of the IL-17 family, isoforms A, C, and F have been implicated in fibrogenesis (19, 28, 51) . To determine whether IL-17 might induce EMT and, if so, identify the specific isoform involved, normal primary human SAEC, similar to those involved in OB, were cultured in the presence or absence of IL-17A, C, or F, followed by an assessment of E-CAD expression. Cells cultured in the presence of TGF-␤ served as a positive control. As expected, TGF-␤ downregulated E-CAD (Fig. 4, A and B) . Notably, IL-17A was found to significantly downregulate E-CAD expression in a dose-dependent manner on the sixth day of culture (with only modest decreases observed for IL-17C or IL-17F) (Fig. 4, A and B) . To confirm the temporal pattern of IL-17-mediated EMT, we determined E-CAD and ␣-SMA expression on days 2, 3, 4, 5, and 6. E-CAD expression began to decrease by day 4, whereas we observed induction of ␣-SMA expression by day 2 (Fig.  4C) . ␣-SMA expression is known to be expressed constitutively at very low levels in epithelial cells (22) . S100A4, also known as fibroblast-specific protein-1 (11 kDa), belongs to the calmodulin-S100-troponin C superfamily of binding proteins that has been widely reported to identify fibroblasts or cells with a fibroblast phenotype (33, 45) . To determine whether IL-17 would induce similar changes in other lung-derived epithelial cells, immortalized normal rat alveolar type II cells (RLE-6TN) were cultured in the presence of IL-17. IL-17 induced increase in S100A4 expression in RLE-6TNs within 24 h (Fig. 4E) . IL-17 induced dose-dependent downregulation of E-CAD and upregulation of ␣-SMA by 72 h in these same cells (Fig. 4D) . Together, these results demonstrate that IL-17-mediated EMT may be a conserved response in rat and human lung epithelial cells.
IL-17-mediated EMT is observed in OB lesions after human lung transplant and in lungs from a murine OB model after lung transplant. Although reports from other investigators
have demonstrated EMT in epithelial cells isolated from airway brushings in patients after lung transplant (9, 10), EMT has not been demonstrated in OB lesions. Downregulation of the epithelial marker, ZO-1, and upregulation of ␣-SMA in epithelial cells are some of the typical phenotypic characteristics of EMT. We observed robust expression of ␣-SMA, with diminished expression of ZO-1, in the same lesions (Fig. 5A) . To further explore the process of IL-17-mediated EMT in vivo, immunohistochemistry was utilized to detect S100A4 expression in the fibro-proliferative lesions. Notably, S100A4-positive epithelial cells were detected in OB lesions (Fig. 5B) , in contrast to native lungs, which had very low or no S100A4 expression. Dual labeling of lung tissue sections with antibodies to ␣-SMA and ZO-1 revealed an occasional colocalization of these markers in airway epithelial cells associated with OB lesions (Fig. 5C ). In contrast, the native lung had normal lung architecture that presented with a relatively thin band of connective tissue that stained positive for ␣-SMA detected below the airway epithelium and no detectable ␣-SMA and ZO-1 colocalization in the same cell.
IL-17 induces TGF-␤ and associated signaling pathways. Among its many roles, TGF-␤ contributes to immunity and modulates inflammation, and the data, above, demonstrated that IL-17 mediated EMT is comparable to TGF-␤. Thus it is possible that both IL-17 and TGF-␤ contribute to EMT induction and col(V) upregulation. To investigate possible interactions between IL-17 and TGF-␤ in EMT induction, we next examined the possibility of effects of IL-17 on TGF-␤ expression. We observed approximately fivefold upregulation of TGF-␤ transcripts at 6-h incubation of RLE-6TN cells in the presence of IL-17 ( Fig. 6A) , with simultaneous significant downregulation of transcript levels of SMAD7, an inhibitor of TGF-␤ signaling. TGF-␤ signals via two heterodimeric transmembrane receptors, the type II and type I receptors. Activa-tion of the type I receptor tyrosine kinase (ALK5, activin receptor-like kinase-5) in turn activates SMAD2/3, receptorregulated SMADs of the TGF-␤ signaling pathway. Thus it was of interest that we observed that even low doses of IL-17 (1 or 10 ng/ml) caused SMAD3 activation (Fig. 6, B and C) .
We next examined the roles of protein kinases reported to be associated with TGF-␤-mediated EMT. Therapeutically altering TGF-␤ activity via specific kinase (p38 MAPK, FAK) inhibitors to ameliorate EMT and fibrotic lung disease (7, 16, 17, 47 ) is a topic of intense research and multiple clinical trials. p38 MAPK is required for TGF-␤-driven EMT (5, 7, 47) , whereas IL-17-mediated p38 MAPK activation has been reported in human bronchial epithelial cells (30) , and FAK has been reported in TGF-␤-mediated EMT (16, 17) . We found IL-17 to mediate robust early phosphorylation of p38 MAPK at Thr180/Tyr182, which peaked at 2 h in RLE-6TN cells (Fig.  6D) , whereas FAK phosphorylation at Tyr197 occurred at 24 h (Fig. 6E) .
We next hypothesized that systemic blockade of IL-17 will block downstream signaling events leading to EMT in lung transplant-associated OB. As previously reported (19) rine IL-17 receptor fusion protein (Ad-IL17R:Fc) 72 h before orthotopic lung transplantation resulted in decreased TGF-␤ expression levels in airway epithelial cells of the transplanted lung, compared with high TGF-␤ expression in both transplant and native lungs of the allograft controls (Fig. 6F) . Quantitative real-time PCR analyses of TGF-␤ expression in lung homogenates (Fig. 6G ) revealed significant downregulation in mice overexpressing Ad-IL17R:Fc, compared with higher levels in mice expressing the firefly luciferase gene (Ad-LUC, control). These data collectively suggest that IL-17 induces TGF-␤ expression in epithelial cells both in vitro and in vivo and that neutralization of IL-17 bioactivity in the murine OB model suppresses TGF-␤ expression. Collectively, these observations suggest that IL-17-mediated EMT may precede fibrosis in the murine orthotopic lung transplant model of OB.
IL-17-mediated EMT, associated mesenchymal functions, and col(V) expression are blocked by p38 MAPK/FAK signaling pathways.
To determine the upstream signaling involved in IL-17-mediated EMT, we employed specific pharmacological inhibitors against ALK5, p38 MAPK, and FAK/Src. Interestingly, pharmacological inhibitor of ALK5 blocked both IL-17 and TGF-␤-mediated induction of ␣-SMA (Fig. 7A) , suggesting that, similar to TGF-␤ signaling, IL-17 either signals through ALK5 or induces TGF-␤, which, in turn, signals via ALK5. Interestingly, combined treatment with IL-17 and TGF-␤ appeared to have a synergistic effect on EMT, as there was a slight increase in the induction in ␣-SMA expression, compared with levels achieved using either factor alone (Fig.  7A) . Treatment with inhibitors against p38 MAPK (SB202190-5 M) and FAK/Src (PP2, 5 M) resulted in dose-dependent suppression of IL-17-mediated EMT, as reflected in levels of the mesenchymal marker, ␣-SMA (Fig. 7B) .
Immunofluorescence images of untreated cells showed intact epithelial membrane labeled with ZO-1 with a cobblestone appearance and lack of expression of ␣-SMA (Fig. 7C) . Treatment with IL-17 or TGF-␤ for a period of 72 h caused the disruption or near loss of ZO-1, with concomitant organized appearance of stress fibers, detected by staining for ␣-SMA. Treatment with inhibitors specific to p38 MAPK and FAK/Src significantly suppressed EMT-related changes. Similar effects were observed with the mesenchymal marker, vimentin, detected at 48 h (Fig. 7C ) and the early EMT marker, S100A4, detected at 24 h (Fig. 7C) .
We also investigated the possibility of synergistic effects due to the combined treatment of IL-17 and TGF-␤ on col(V) expression. Although the induction of col(V) expression due to either IL-17 or TGF-␤ was significant and comparable, we observed only a modest increase in col(V) induction upon combined treatment with both IL-17 and TGF-␤. Interestingly, blockade with 2 M of pharmacological inhibitor specific to ALK5 (a TGF-␤-type I receptor tyrosine kinase) resulted in suppression of col(V) expression induced by IL-17. This effect was comparable to blockade of TGF-␤-mediated col(V) induction (Fig. 7D) . It was also of interest that immunoblotting of conditioned media from cells treated with inhibitors in the presence of IL-17 revealed that pretreatment with pharmacological inhibitors specific to p38 MAPK and FAK/Src block IL-17-induced upregulation of col(V) levels (Fig. 7E) . These data collectively suggest that IL-17 signaling may be via TGF-␤/ALK5 and support a role for IL-17-mediated p38 MAPK and FAK activation involved in col(V) overexpression and EMT.
Mesenchymal cells contribute to cardinal functions such as migration/tissue remodeling (44) and peroxide production (24).
We also performed the "scratch" or "wound closure" assay, a commonly used mesenchymal function indicator. A uniform cobblestone-like monolayer of epithelial cells was "wounded" using a pipette tip (Fig. 8A) . The cells were rinsed with PBS and then treated with TGF-␤ or IL-17. The cells acquired a spindle-shaped, motile phenotype, characteristic of mesenchymal cells, and expressed ␣-SMA. The capacity of these epithelial cells to migrate and express ␣-SMA was blocked using pharmacological inhibitors for p38 MAPK, FAK, and ALK5. Assessment of the percent area of wound closure ( gated the capacity of the epithelial cells to acquire a spindleshaped, motile mesenchymal phenotype and cause wound closure. TGF-␤-induced EMT is associated with production of H 2 O 2 in the newly formed mesenchymal cells (24) . Because our data showed that IL-17-mediated EMT is dependent on TGF-␤-associated signaling, we next determined whether IL-17 would induce H 2 O 2 production comparable to that induced by TGF-␤. IL-17 was found to induce H 2 O 2 comparable to TGF-␤, and this process was dependent on p38 MAPK and FAK activation (Fig. 8C) . Collectively, these data suggest that IL-17-mediated EMT and associated mesenchymal functions are dependent on TGF-␤-associated pathways, including p38 MAPK and FAK activation.
IL-17 is expressed in clinical OB lesions and in murine OB model after lung transplant.
We finally sought to confirm whether IL-17 is expressed in proximity to OB lesions derived from clinical lung transplant specimens. Notably, IL-17 was detected adjacent to OB lesions as shown in Fig. 9A (bottom) , whereas IL-17 was not detected in normal lung tissues (Fig.  9A, top) . We further confirmed significantly higher levels of IL-17A mRNA in OB lung biopsies from transplant patients, compared with normal lung tissues (Fig. 9B) . To determine whether our observations in human lung tissues would be consistent with results in our orthotopic murine allograft model, we analyzed protein and mRNA expression of IL-17A in normal and OB tissue from this model. We detected IL-17 expression patterns in transplanted lung by immunostaining, and these were comparable to the pattern in human OB lung (Fig. 9C) . We did not detect significant IL-17A expression in the right, normal lung. We then quantitatively analyzed the mRNA expression of IL-17A over a period of 7, 14, and 21 days in the transplanted murine lung (Fig. 9D) . The above data collectively suggest that IL-17-expressing cells are present proximal to human OB lesions, and this observation is comparable to the murine orthotopic lung allograft model.
DISCUSSION
This study shows that IL-17A, a proinflammatory cytokine (but not IL-17C or IL-17F), is a mediator of the novel bio- marker col(V), a minor collagen that can be found in the apical region of epithelial cells under normal conditions. Epithelial cells deposit large amounts of col(V) into the extracellular space in response to IL-17 induction. We report evidence of IL-17-expressing cells and col(V) in lungs of patients with OB. Specifically, IL-17 appears to preferentially induce the ␣1 chain of col(V). We describe humoral immune response against this specific chain of col(V) and on the mechanism underlying IL-17-mediated col(V) overexpression. IL-17 mediates TGF-␤ expression, the effects of which are seemingly complemented by downregulation of the inhibitory protein SMAD7 and activation of the receptor-regulated SMAD3. IL-17-mediated EMT is dependent on the TGF-␤ signaling pathway and is demonstrated here to also be influenced by p38 MAPK and FAK. Systemic neutralization of IL-17 in our OB mouse model resulted in decreased TGF-␤ expression and protection against EMT. Col(V), which can be considered a cryptic antigen, is normally intercalated within fibrils of col(I) (34) . As such, col(V) is expressed at low levels in perivascular interstitial spaces and on the apical, but not basolateral, surfaces of airway epithelial cells (26) . We have previously reported de novo generation of antibodies to col(V) in patients with lung transplants with OB (49) and that this was IL-17 dependent (14) . Notably, we also observed humoral immune responses, as we detected significant expression of antibodies against ␣1(V) chain in patients with lung transplants. Interestingly, we observed positive reactivity of ␣1(V) to be higher in patients with lung transplant compared with normal healthy volunteers. Tiriveedhi and colleagues (46) C: RLE-6TNs were treated as described in B and dual-labeled for E-CAD (red) and ␣-SMA (green) at 72 h. Using immunofluorescent labeling, Vimentin (green; at 48 h) and S100A4 (red; at 24 h) were detected. Nuclei were counterstained with DAPI. Images were captured at ϫ20 magnification. To further investigate col(V)-related signaling, RLE-6TNs were treated as described in A (Fig. 7D) and B (Fig. 7E) . Conditioned media were normalized for equal protein concentration by loading 30 g of the proteins for all samples and then immunoprobed for col(V).
found on the apical surface of airway epithelium, it is not secreted by such cells into the extracellular milieu (26) . We observed robust expression of ␣1(V) in response to IL-17 and TGF-␤ treatment, which is the same ␣-chain recognized as the antigen. Employing the hydroxy proline assay, we observed significantly higher total collagen synthesis upon IL-17 and TGF-␤ treatment in primary rat lung epithelial cells (L2), and this effect was blocked by inhibitors specific to p38 MAPK and FAK (data not shown). The deposition of substation col(V) into extracellular matrix by the epithelium, in response to IL-17A or TGF-␤, suggests col(V), seemingly as a potential novel biomarker in the pathogenesis of OB after lung transplantation.
In clinical transplant allografts, Lama and colleagues (32) have demonstrated evidence of donor-derived lung-resident mesenchymal stem cells and that these cells establish interactions with both airway and alveolar epithelium and secrete growth factors necessary for proliferation and differentiation (4) . IL-17A has recently been highlighted as a profibrotic cytokine in murine models of idiopathic pulmonary fibrosis (51) and has been reported to have profibrotic effects in renal epithelial cells (18) and human mesenchymal stem cells (25) . Among the six isoforms of the IL-17 family, IL-17A and IL-17F are produced by T helper-17 lymphocytes (T H -17 cells), which have been implicated in autoimmunity (6, 8, 29) and fibrogenesis (21, 51) . Our present studies indicate that IL-17A is a potent inducer of EMT; in contrast, IL-17C and IL-17F fail to induce EMT in these cells. Here we observed that IL-17-mediated EMT is comparable in both normal primary human small airway epithelial and, using a well-documented EMT cell line, RLE-6TNs (20, 39, 50, 54) . These data provide more evidence demonstrating IL-17-mediated EMT similar to its effect in tumor-derived epithelial cells (36) . Because IL-17 induces the production of IL-6, we also inves- tigated whether IL-6 would mediate EMT similar to IL-17 and TGF-␤. However, IL-6 did not have any effect on alveolar type II epithelial cells (data not shown). Whereas TGF-␤ is necessary for IL-17 synthesis in T H -17 cells (6), the present study provides evidence for the role for TGF-␤ and associated pathways in the murine model of OB. In a prior report (36) , in silica-induced inflammation and pulmonary fibrosis, IL-17 induces TGF-␤ expression in airway epithelial cells. Thus there appears to be mutually reinforcing cross-talk between two potent proinflammatory cytokines with key roles in fueling the processes of EMT and lung fibrosis. We present observations supporting the conclusion that IL-17-mediated col(V) expression and EMT are dependent on TGF-␤ and that this may be an autocrine effect. We also present data indicating that combined treatment with TGF-␤ and IL-17 causes only a minor synergistic effect and does not significantly augment levels of EMT and col(V) expression achieved by either factor alone. The exact mechanism by which IL-17 causes induction of TGF-␤ is not yet elucidated. However, it is interesting to speculate that activation of SMAD, p38 MAPK, or FAK might be directly in response to IL-17 via its receptor. Therefore, developing pharmacological targets to block IL-17 and the pathways responsible for TGF-␤ induction may have clinical utility. Our data support the hypothesis that IL-17-mediated col(V) expression and EMT may occur via the induction of TGF-␤ and associated signaling pathways, such as p38 MAPK and FAK, consistent with overlaps in effects on signaling pathways by the two cytokines.
Our studies provide evidence of IL-17 expressing cells in human OB tissues. This was also quantitatively confirmed using mRNA analyses. Notably, results in our orthotopic murine allograft model were consistent with results from human OB lesions. However, we were unable to characterize the cell types involved. Our data do not conclusively suggest that the cellular source of IL-17 in these lesions are not CD3-or CD4-positive T lymphocytes (data not shown). There is a possibility that these cells may also be monocytes or macrophages. Further systematic studies are required to characterize the specific cells or cell types that synthesize and secrete IL-17. Limitations of our study include the lack of reliably specific antibodies against the individual chains of col(V). Additionally, use of transgenic mice with epithelium-specific reporter expression and conditional overexpression of col(V) would aid in demonstrating the effects of overexpression of col(V) and EMT in our murine OB model. Our future experiments will need to be focused in these directions and should further unravel the mechanisms behind col(V) dysregulation and downstream signaling, including establishing the role of col(V) and the ␣1(V) chain as novel biomarkers after lung transplant.
In summary, the present data support our hypothesis that IL-17 influences adaptive and innate immunity that promotes fibrosis. Our observations suggest that TGF-␤ and IL-17 are involved in a feed-forward loop that drives the pathogenesis of fibrotic lung diseases by linking autoimmune responses and EMT with fibrosis (Fig. 10) . In this loop, col(V) acts as an autoantigen and seemingly as a potential novel biomarker. IL-17 likely drives EMT, leading to fibrotic pathogenesis by pathways listed as follows: 1) eliciting anti-col(V) immunity, 2) upregulating col(V) expression, 3) inducing EMT, 4) inducing TGF-␤ expression, and 5) signaling downstream activation of p38 MAPK and FAK in the epithelial cells. TGF-␤, in turn, exacerbates the condition by possibly creating an environment that supports T H -17 development. How Th17 cells are released from the normal constraints of Treg cells that normally limit tissue-specific autoimmunity in vivo is still an open question. Targeting protein kinases such as p38 MAPK and FAK seems to represent an important strategy for emerging classes of therapeutic drugs for controlling inflammatory responses and blunting profibrotic signals. In addition, it is interesting to speculate that the mechanisms described here, in relation to fibrotic lung disease, may be extrapolated to other IL-17-dependent autoimmune diseases and cancer.
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